Abstract: This study describes a step-by-step process used to design an effective benthic video survey component of the Commonwealth of the Northern Mariana Islands long-term monitoring program. Documenting abundance of major benthic groups at relatively large spatial scales, at the appropriate localities, can empower monitoring programs with the capacity to detect changes over time and assess whether management practices are working. Most pertinent to any long-term monitoring program is the overriding question: do we have enough information, or statistical power, to detect changes if changes occur? To assess the power of our benthic video surveys to detect change in coral cover and diversity we varied (1) transect lengths, (2) number of transects, (3) number of frames per transect, and (4) number of data points per frame. Five replicated 50-m transects yielded the most consistent estimates with the highest statistical power, compared with more numerous replicates of shorter (35-m and 15-m) transects. Increasing the number of frames analyzed per 50-m transect yielded greater power than increasing the number of data points per frame, but increasing the number of data points was more effective at estimating species richness. The greatest power of detecting a change in the benthos at each site, within a feasible sampling period, was evident using 5 by 50 m random transects, extracting 60 frames per transect, and analyzing five data points on each frame. This optimal sampling strategy was tested at 23 other long-term monitoring sites and yielded 90% power to detect a 20-30% relative change in dominant benthos abundance estimates (benthos >20% coverage). Our study addresses the sampling unit, accuracy, and ways to improve estimates, but this does not remove the onus of concisely stated questions for monitoring programs pertaining to management.
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Long-term monitoring of coral reefs requires appropriate strategies that account for the spatial arrangement of organisms and should yield accurate abundance estimates with sufficient statistical power to detect (a desired level of ) change (Aronson et al. 1994 , Green and Smith 1997 , Page et al. 2001 . Many techniques are available to aid researchers in these assessments. Some in situ methods include line-intercept transects (Loya 1978) , point quadrats (Chiappone et al. 2001) , and belt transects (Littler et al. 1997 ).
In comparison with in situ methods, capturing images underwater increases field efficiency (Foster et al. 1991) and increases the spatial extent of reef coverage, while maintaining a useful taxonomic resolution (Carleton and Done 1995, Vogt et al. 1997 ).
Because of their accuracy, efficiency, and simplicity, video surveys are used in many coral reef monitoring programs (Aronson et al. 1994 , Vogt et al. 1997 , Page et al. 2001 , Rogers and Miller 2001 , Brown et al. 2004 ).
Coral cover, diversity, and population density estimates will vary depending on the methodology used for data collection (Weinberg 1981 , Rogers et al. 2002 , Brown et al. 2004 . Similarly, for benthic video surveys, relative abundance estimates and the statistical power to detect change will vary according to (1) the number of data points analyzed in each paused (video) frame, (2) the number of frames analyzed in each transect, (3) the number of replicate transects used, and (4) the length of transect. Studies and monitoring programs vary with respect to these criteria but vary also with respect to the question being addressed. For example, it may be useful to analyze a large number of points on any one frame for estimates of coral cover but problematic using the same high number of points to examine the number of colonies because of the increased likelihood of autocorrelation (i.e., counting the same colonies more than once) (Carleton and Done 1995) . Similarly, rapid ecological assessments are less concerned about the statistical power of detecting a change than long-term monitoring programs (Andrew and Mapstone 1987) .
Besides the various techniques available for data collection, monitoring programs must also decide on the degree of site permanency and at what level to randomize. A time series of permanent photoquadrats provides valuable insight into population dynamics but lacks general information regarding the spatial arrangement of organisms within the community as a whole (Green and Smith 1997) . One benefit of permanent, repeatedmeasure sampling is the elucidation of recruitment, death, and survival rates of the organisms under question (Wilson and Bossert 1971) . However, no confidence measure is available for upscaling the results from a fixed location to an entire reef community, which may bias a spatial interpretation (Davidson 1997) .
Fully randomized designs provide community characterizations that account for the spatial arrangement of individuals in the communities (Green and Smith 1997) . High statistical power achieved through randomized designs means that any measured change is indicative of a change in the community, yet sampling effort may need to be tremendously intensive (Aronson et al. 1994, Green and Smith 1997) .
At each study site the Australian Institute of Marine Science's (AIMS) Long-Term Monitoring Program uses a fixed, unstratified sampling design consisting of 5 by 50 m transects, 40 frames within each transect, and five data points from each frame (Page et al. 2001) . The Hawai'i Coral Reef Assessment and Monitoring Program (CRAMP) uses a fixed, stratified sampling design consisting of 10 by 10 m transects, 20 frames per transect, and 50 data points per frame (Brown et al. 2004 ). Carleton and Done (1995) recognized the potential implications of autocorrelation within each frame and therefore increased the number of frames while analyzing only one data point per frame. Aronson et al. (1994) used a random, unstratified design consisting of 10 by 25 m transects, 50 frames within each transect, and 10 data points for each frame for Caribbean forereefs. Clearly, different reef systems and studies may require different sampling designs, transect lengths, transect replicates, numbers of frames, and numbers of data points to achieve a desired power to detect change of different benthic organisms (Table 1) . Here, we present a study that was used to determine an appropriate benthic video survey design for the Commonwealth of the Northern Mariana Islands long-term monitoring program. The goal of this study was to design a scheme that will elucidate a useful sampling unit with sufficient power (90%) to detect a (relative) 20-30% change in dominant benthos cover over time. This study focused on a general approach used to select appropriate transect lengths, transect replicates, number of frames, and number of data points for benthic video surveys at each site. It did not address the need to replicate sites within each combination of time, location, and management regime. Because the study was primarily concerned with the spatial distribution and variance in the cover of dominant organisms, benthic video surveys were complemented with point quadrat coral community surveys (Houk et al. 2005) , coral recruitment belt transects, overall diversity assessments, and permanent photo-quadrats to provide ecological depth beyond ''cover.'' Together, these data are used to provide assessments of reef ''health'' and change at long-term monitoring sites in the Commonwealth of the Northern Mariana Islands (CNMI).
materials and methods

Study Area
This study was undertaken in the southern Mariana Islands (CNMI), located at 145 E (longitude) and extending latitudinally from 14 to 15 N ( Figure 1 ). The geologically distinct southern islands are composed mainly of raised Miocene and Pleistocene limestone (Cloud et al. 1959) . Data were collected from the forereef slopes of the islands of Rota, Aguijan, Tinian, and Saipan in accordance with CNMI's marine monitoring program. The physical environment of the CNMI is characterized by exposure to seasonal trade wind-driven waves and frequent typhoons. These conditions result in the dominance of corals and coralline and turf algae on most reef slopes.
Survey Design
Initially, benthic videos were taken from a reef slope community 8 m deep on the northwestern coast of Aguijan (AGU 2, Figure 2 ). This site represents one of the 24 long-term monitoring sites surveyed by the CNMI marine monitoring team (Houk et al. 2002) . Coral cover data were used to determine relationships between statistical power and transect length, number of replicate transects, number of frames per transect, and number of data points per frame, at the AGU 2 site. A survey design based upon preliminary findings was used at the other 23 localities (Figure 2 ). This design was evaluated by calculating the resultant power from dominant benthos estimates, including hard and soft corals, zoanthids, turf algae, coralline algae, and macroalgae, whose absolute abundance was b20%. Back calculations for the appropriate number of transects required to detect various levels of change were based upon these categories.
Power Analyses
Statistical power provides a measure of confidence (a probability) that a false null hypothesis will be correctly rejected (Zar 1999) . In other words, we wish to detect a change should it occur. Here, the null hypothesis was that there is no change in benthos abundances at these reefs over time. Power analysis was carried out to assess which datacollection schemes provide enough power to detect change, so that a false null hypothesis will be correctly rejected. Power calculations yielded a probability ðbÞ of encountering a type II error (incorrect acceptance of a false null hypothesis) based upon the number of and variance among replicate transects (Zar 1999) . Power was calculated using
where t a; v is the probability of type I error (Student's t value), d is the value of detectable change desired, n is the sample size, v ¼ n À 1 degrees of freedom, s 2 is the sample estimate of the variance, and t b; v yields the resultant power (or 1 -type II error). To calculate the number of transects required to detect a specific change in the reef, we used
Power curves were created by solving equation 2 for n and inputting different values of b to yield the appropriate number of replicate transects required to achieve a desired level of statistical power.
Data Collection
Benthic videos were taken in June 2002 at the initial site and from July 2002 to July 2003 at 23 other monitoring sites. Video belt transects were completed for 5 by 50 m, 7 by 35 m, and 15 by 15 m transects laid end to end following a @8-m depth contour. An underwater digital video camera with a red filter was used to record belt transects at a consistent width. A calibration rod that extended from the camera minimized variation in transect width. For each transect, a scuba diver swam the video camera at a constant speed to yield a 50 by 0.5 m belt in a period of 5-6 min, @.15 m/sec. For the preliminary site, digital video recordings were processed at the Florida Institute of Technology's Information and Technology Center. Initial processing included the extraction of JPEG images (or frames) from the video clip (or transect) at desired intervals. Random points were overlaid on each frame using Pointcount '99 software (http://www.cofc.edu/~coral/pc99/pc99 .htm). A factorial setup was used to extract data for different transect lengths and number of transects (Figure 3a) . This design examined the effect of transect length and replication on statistical power, while keeping the number of frames consistent. All data were collected at similar (one frame per 5 sec) intervals, with different numbers of data points (5, 10, and 15) per frame. This yielded estimates, variances, and power associated with 5 by 50 m, 7 by 35 m, and 15 by 15 m transects (respectively, 250 m, 245 m, and 225 m total length). These analyses led to the selection of 5 by 50 m transects, which were then subjected to further factorial testing to determine the optimal number of frames per transect and number of data points per frame ( Figure  3b) . Five 50-m transects were analyzed using 20 frames (one per 15 sec), 40 frames (one per 7.5 sec), and 60 frames (one per 5 sec) for each transect. In each case a different number of data points were analyzed: 5, 10, and 15 per frame.
Community Richness
Margalef's species richness index was used as a measure of coral diversity, taking into account how diversity was distributed throughout each transect line (Clarke and Warwick 2001 ). Margalef's index describes how evenly the percentage cover was spread over various coral genera for any given 50-m transect; a high Margalef's d-statistic suggests that coral cover estimations do not overemphasize dominant coral genera because they also include less abundant and smaller corals. Calculations were made using
where D ¼ Margalef's index, S ¼ total number of species, and n ¼ number of individuals.
results Transect length influenced statistical power ( Figure 4) ; 50-m-long transects consistently showed the highest power (Figure 4c ). Shorter transects showed considerable variation in accordance with the number of data points analyzed. Both 35-m and 15-m transects had unexpected, inconsistent trends, as increasing the number of data points from 10 to 15 resulted in lower power. Increasing the number of frames analyzed per 50-m transect was a more effective way to achieve greater power compared with increasing the number of data points per frame ( Figure 5) . Regardless of the number of data points analyzed, 60 frames per 50-m transect had the greatest power of detecting change in the cover of dominant organisms. Increasing the number of data points while decreasing the number of frames (e.g., 20 frames with 15 data points) also resulted in higher power; however, inconsistent trends were found ( Figure 5 ). Analysis of 60 frames with five data points is the most time-efficient method that provided the highest power.
Coral species richness estimates showed two trends with respect to the number of frames and data points used (Figure 6 ). There was a large increase in richness between 5 and 10 data points, followed by a lower increase between 10 and 15 data points. There was also a positive trend noted when the number of frames was increased. Richness increased most between 20 and 40 frames, followed by a smaller increase between 40 and 60 frames.
Application of Strategy to Other Localities
Based upon these findings, power analyses were conducted for the dominant benthos at 23 other long-term monitoring localities using five 50-m transects, 60 frames per transect, and five data points. A 30% relative change was detectable with 90% power for all dominant benthos using four 50-m transects (Figure 7) . A 20% relative change was detectable with 75% power using 5 by 50 m transects. Back calculations revealed that approximately 8 by 50 m transects are required to achieve a 90% power to detect a 20% relative change (Figure 7) . discussion The primary goal of the benthic video surveys for the CNMI long-term monitoring program is to have approximately 90% confidence that we can detect a 20-30% relative change of the dominant benthic organisms. Five 50-m transects with 60 frames per transect at five data points per frame yielded estimates at this desired level for all 24 long-term monitoring sites. Although the benthic dominance varies considerably among localities, all sites supported hard and soft corals, zoanthids, turf algae, coralline algae, and macroal- gae. These data answer questions regarding large-scale ecosystem changes, while other complementary methods provide information regarding coral community structure and the dynamics of populations.
Statistical power represents the probability of type II error, or correctly detecting that change has occurred in benthos estimates. This is pertinent to management because disturbances that impact reefs may not be detected if sampling is too light. Yet reefs differ geographically, and using the same sampling strategy may be problematic. For example, long-term monitoring of Caribbean reefs deals with coral cover estimates ranging from 2.8 to 21.2% (Aronson et al. 1994) , significantly lower than @40% estimates recorded on reefs in the CNMI. Lower abundances are often accompanied by higher variances, resulting in lower statistical power if sufficient replication is not used to account for these higher variances. Thus, it is not surprising that Aronson et al. (1994) detected only a 50% relative change in coral cover with 90% power in their video surveys because their variances were equal to or greater than the means (2.3-59.3). The power equation (1) suggests that it is just as easy to detect changes in low but homogenously distributed percentage cover as it is for high cover, suggesting that the spatial variance of the cover often limits desirable power detection.
The goal of the Hawai'i CRAMP program is to detect an absolute change of 10% in benthos abundance estimates with high (@80%) power (Brown et al. 2004) . At each site eight to ten 10-m fixed transects, 20-30 frames per transect, and 50 data points resulted in the most cost-effective means of achieving the desired goals. Clearly, a fixed survey design increases statistical power, but no measure is placed on whether or not these findings are indicative, or indeed representative, of the larger reef community. Compared with our findings, Brown et al. (2004) used a smaller spatial scale (100 m versus 250 m total length) but a much larger number of data points (10,000 versus 1,500 data points analyzed per site). Again, intensive sampling within frames is useful for detecting changes in cover estimates but problematic when colony abundance estimates are considered because the same colonies are sampled more than once (i.e., oversampling within frames leads to abundance overestimates).
What is the relationship between the spatial scale and the number of data points analyzed at a site? Here, 90% power of detecting a relative 20-30% change was attained when using 50-m transects regardless of the number of data points (Figure 4c) . Aronson et al. (1994) found that increasing the number of data points per frame from 5 to 25, using a sample area equal to that in our study, did not decrease the variance around estimated coral cover means for Caribbean reefs. In the present study, increasing the number of frames within 50-m transects was a more effective means of achieving desired power than increasing the number of data points within frames ( Figure 5 ). Brown et al. (2004) noticed similar trends; however, only relatively small increases in power were detected. This may be attributed to the larger sample area tested here compared with that sampled by Brown et al. (2004) .
Increasing the number of data points per frame will eventually result in autocorrelation (two or more dots recording the same organism), which leads to biased estimates of colony abundance. In theory more data points will fall upon large colonies than upon small coral colonies. This can be defined as unequal levels of autocorrelation between different size classes of corals and has adverse implications for relying entirely upon benthic video surveys for monitoring. Extracting more frames, while lowering the number of data points per frame, increases the spatial coverage of the survey design and decreases the risk of associated bias.
This study showed that lowering the number of data points analyzed per frame decreased evenness estimates because lesscommon and smaller corals were not adequately represented. Similarly, other studies using one and five data points per frame have shown that corals with low colony abundance have larger standard deviations compared with their mean percentages (Carleton and Done 1995, Ninio and Meekan 2002) . Here, considerably more effort (more data points per frame) would be required to approach saturation in richness estimates. Therefore, benthic video surveys are an essential component of CNMI's monitoring program because they document abundance and change of all major functional groups at relatively large spatial scales but are complemented with quadrat-based coral community surveys and recruitment belt transects to yield an understanding of population dynamics. Literature Cited
